This paper will present the first prototypes of vortex retarders made of photo-orientable liquid crystals polymers recorded without mechanical action using only polarization holography. Vortex retarders are birefringent plates characterized by a uniform phase retard and a rotation of their fast axis along their center. Liquid crystals are anisotropic molecules possessing birefringent properties. They are locally orientable and their orientation defines the fast axis orientation of the retarder. Their alignment depends on the local orientation of the recording electric field. The superimposition of several polarized beams will be used to shape the electric field to achieve the recording of vortex retarders. The mathematical aspects of the superimposition process, as well as several numerical simulations are exposed. Finally, the first prototypes are presented, characterized and compared to the numerical simulations.
INTRODUCTION
Vortex retarders are birefringent plate characterized by a rotation of their fast axis (Figure 1 (a) ). The goal of the plate is to create a vortex beam i.e. a beam with phase dislocation of the form e ılθ (Figure 1 (b) ) where θ is the polar angle inside the beam and l the topological charge.
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These beams could be used for coronagraphy, 2-4 creation of highly focused beams, 5, 6 optical tweezers, 6, 7 ... In a previous paper, 8 we numerically demonstrated that the vortex retarders in liquid crystal polymers (LCP) could be recorded using the superimposition of differently polarized beams.
In this paper, we will present the first prototypes of vortex retarders composed of liquid crystals polymers recorded using polarization holography. Section 2 focuses on the recording process of the retarders. It will present the generic recording of the retarders and the mathematical model of polarization holography and its application to the recording of vortex retarders. Section 3 describes the recording setup. The elements composing the setup and their effects on the beam and its polarization state will be detailed. It also exposes the measurements of the recording electric field. The essential features of the electric field will be showed as well as the simulations of the expected retarder characteristics. Section 4 presents the first two prototypes and will compare them to the expected retarder. To conclude, a summary of the research and the future developments will be presented. 
RECORDING OF VORTEX RETARDERS IN LCP USING POLARIZATION HOLOGRAPHY
The recording of our retarders in LCPs consists in two steps.
• The first step consists in the exposure of an alignment layer (ROLIC R : ROP-103). The layer is spin-coated on a glass substrate. It contains photo-sensitive polymers that align themselves according to the direction of the incident polarization. The layer is exposed to UV linearly polarized beam. The orientation of the incident polarization will define the orientation of the fast axis ofthe future retarder.
• The second step uses a liquid crystal pre-polymer (ROLIC R : ROF-5102). The layer is spin-coated on the first one. It contains the liquid crystals which align themselves according to the orientation of the polymers below. The thickness of the second layer will define the phase retard ∆φ according to ∆φ = 2π∆nh λ . Where ∆n is the birefringence, h the thickness of the layer and λ is the incident wavelength. Presently, the spin-coating parameters of the second layer are chosen to reach a half-wave plate near 550nm.
To record vortex retarders, an electric field with a rotation of the local polarization must be achieved. The superimposition of differently polarized beams will be used to shape the electric field.
Kilosanidze et al.
9 developed a mathematical model of the local polarization resulting from the superimposition of two generic coherent beams based on the Jones formalism.
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Two generic coherent beams A and B are represented by the following equation.
Where A x and B x are the amplitude modules of the horizontal component of A and B, A y and B y the amplitude modules of the vertical components, φ A and φ B the phase differences between the horizontal and vertical components. ω is the pulsation of the beams and δ is the phase difference between the two beams.
At the overlap plane, the resulting electric field: Σ can be written as equation 2.
The local polarization ellipse is described by the real part of the electric field and is written as
where
.
To describe the local polarization ellipse, three parameters must be provided: I 1 the intensity along the largest axis, I 2 the intensity along the smallest axis and α the angle between the horizontal and the largest axis of the ellipse (see Figure 2 ).
These parameters are given by To illustrate the model, two simple cases can be studied:
• the classical case of two linearly polarized beams with the same polarization,
• two circularly polarized beams of opposite handedness.
a: 2 linearly polarized beams with the same polarization: vertical polarization
: 2 circularly polarized beams of opposite handedness As first tests of polarization holography, we recorded the superimposition of two orthogonal circularly polarized beams to achieve a polarization analyzer 11 and circular polarization gratings for shearography.
To record vortex retarders, an electric field with a rotation of the local polarization must be achieved. The superimposition of differently polarized beams will be used to shape the electric field. The geometry of the superimposition is pictured in Figure 5 . Using the previous formalism, the four beams are described by:
An important modification is that the δ i of each beam are computed as the phase difference between the i plane-wave beam and a virtual beam with a normal incidence. Therefore
with θ i is the incident angle. The two vectors describing the polarization ellipse become:
while the ellipse parameters are still described by equation 4. 
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EXPERIMENTAL RECORDING
To create the superimposition of four beams, two Savart plates 13, 14 were used. The utility of the Savart plate is to divide one incident circularly polarized beam into two linearly orthogonally polarized beams with the same intensity. Assuming an incident beam uniformly polarized under normal incidence, the emerging beams are also at normal incidence with respect to the Savart plate and there is no phase difference between them. The recording setup contains the following elements ( Figure 6 ):
• a UV laser at 325 nm
• a beam expander
• a linear UV polarizer with a vertical orientation P 1
• two quarter-wave plates
• two Savart plates. (Figure 7 D) . Finally, the second Savart plate divides the two incident beams into four beams linearly polarized (Figure 7 E ) . The separation will follow the horizontal and the beams are in a square configuration. Before recording the prototypes, the Stokes parameters of the recording field were measured to determine the characteristics of the local polarization ellipse. The stokes parameters and the ellipse characteristics are linked by:
(7)
Where I 1 is the intensity following the largest semi axis of the polarization ellipse, I 2 the intenisty following the smallest one and α is the angle formed by the largest axis and the horizontal. We computed the orientation of the ellipse largest axis α, the normalized intensity S and (c) details the directionality dp.
Thanks to the measurement of α we can observe that:
• several rotation centers are present inside the recording field,
• the rotation centers are aligned on several lines,
• the distance between two rotation centers is about 1.5mm,
• around a rotation center, the electric field rotates by 180
• . It is the characteristics of charge one vortex retarders. Using the orientation of the electric field, a half-wave plate was simulated. The orientation of its fast axis corresponds to the orientation of the electric field. The transmitted intensity of the half-wave plate between two crossed polarizers is presented in Figure 9 . The other characteristics: S ′ 0 and d p decrease near the rotation centers. Due to these decreases, the polymers of the first layer may not be properly aligned during the exposure. To determine the recording limits, several retarders were recorded with elliptically polarized beams with the setup described in Figure 10 . From one retarder to the other, the quarter-wave plate was rotated along its normal to change the recording polarization. With this system, we found that the limit depends on the quality of the alignment of the setup. For the current setup, it corresponds to the polarization achieved when the axis of quarter-wave plate forms an angle of 43
• with the direction of the incident polarization. Thanks to this measurements, we were able to compute the size of the possible misorientation areas near the rotation centers, to include them in the computation of the transmitted intensity. Figure 11 presents the transmitted intensity of the expected half-wave plate between two crossed polarizers where the areas of misorientation are pictured by grey disks.
It can be observed that the radius of the largest radius of the misorientation areas is about 10% of the distance between two rotation centers.
0.75
r 0.50 0.25 Figure 11 . Numerical simulation of the transmitted intensity with area of misorientation. The polarization of the beam after the disorientation areas was computed as an unpolarized beam. Therefore, the transmitted intensity is equal to half of the incident one and grey disks appear on the picture.
FIRST PROTOTYPES
Finally, two prototypes were recorded using this system. The thickness of the birefringent layer was chosen to match the half-wave condition near 600 nm. Figure 12 presents several pictures of the transmitted intensity of the prototypes between two linear polarizers with a white source.
As expected, the transmitted intensity exhibits the distinctive shape of a retarder containing several charge one vortices. Around a rotation center, there are two bright and two dark areas. The distance between two rotation centers is approximately 1.5 mm. A first estimation of the radius of the misorientation area was performed. It showed that the radius is also approximately about 10% of the distance between two rotation centers (150µm). Moreover, the pattern of the transmitted intensity for the experimental case is really similar to the one obtained thanks to the measurement of the recording electric field.
CONCLUSIONS AND PERSPECTIVES
In this paper we presented the first prototypes of vortex retarders exclusively recorded by polarization holography. The principle of polarization holography was presented as well as its application with four beams. The recording setup was exposed, the measurements of the recording field and the simulations of the expected retarder were detailed. Finally the prototypes were shortly analyzed, their characteristics correspond to the ones expected by the measurements of the recording field.
In the future, a deeper analysis of the first prototypes will be performed to achieve a better accuracy on the distance between two rotation centers and on the radius of the misorientation areas. Improvements on the recording setup will also be performed. They will allow to easily modify the distance between two rotation centers and to reduce the radius of the misorientation areas compared to the distance between two rotation centers. Finally, a new generation of retarders will be recorded with this setup and they will be measured. Figure 12 . Pictures of the prototypes between two linear polarizers and a white source. The pictures were taken for different orientation between the polarizers. The imperfections are due to dust on the LCP layer or oxidation of this layer during the second spin-coating process.
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